A variety of diagenetic hematite and manganese oxide deposits occur within well-exposed Jurassic eolian and related deposits of southeastern Utah. Hematite concretions (millimeters to tens of meters in size) and strata-bound layers occur in the permeable Navajo, Page, and Entrada sandstones. Localized manganese oxide deposits without significant iron oxide occur in the overlying rocks covering the Summerville-Tidwell interval. Field, lab, and numerical modeling studies indicate the diagenetic deposits are related to the Moab fault. Fluid inclusion studies show salinities of fault fluids range from 0 to 19.7 NaCl equivalent weight percent. The δ 18 O (SMOW) and δ 13 C (PDB) values of cements and veins range from 7 to 27‰ and -12 to +5‰, respectively. The δ 87 Sr (SMOW) values of these cements and veins range from 0.210 to 2.977‰, values substantially more radiogenic than Pennsylvanian seawater. Saline brines formed from solution of Pennsylvanian salts by meteoric water and are interpreted to have flowed up the Moab fault and outward into adjacent permeable rocks. These brines are reducing from interaction with hydrocarbon, methane, organic acids, or hydrogen sulfide, and thus remove iron, manganese, and 87 Sr, and bleach the sandstones near the fault. The isotopic evidence suggests multiple episodes of fluid flow up the Moab fault system. When saline, reduced brines mixed with shallow oxygenated groundwater, iron and manganese oxides were precipitated as cements to form concretions and tabular deposits in the porous sandstones. Multiple episodes of iron oxide mineralization and concretionary geometries are
INTRODUCTION
Jurassic units of southeastern Utah contain a wide variety of unusual diagenetic (postdepositional) concretionary iron oxide and manganese oxide deposits. The spatial distribution of iron oxides is related to (1) stratigraphy, depositional structure, and permeability, (2) a source of reducing, saline fluids that were capable of mobilizing iron, and (3) oxidizing meteoric groundwater that mixed with the saline fluids and precipitated iron and manganese oxides.
The localized occurrence and concentration of the iron and manganese oxides show a spatial relationship to the Moab fault system (Figure 1 ). The Jurassic Navajo Sandstone adjacent to the fault has been locally bleached by reduction and removal of hematite, and elsewhere cemented with both hematite and manganese oxides and hydroxides ( Figure 2 ). Hydrological analysis of present salinity in the Navajo aquifer shows that the aquifer contains a high-salinity brine characteristic of either oil-field brine or formation water together with fresh meteoric water (Spangler et al., 1996; Howells, 1990) . The hydrological history of the area includes extensive dissolution of the salt core of the Moab anticline. Work presented here on iron oxide and manganese oxide indicates that the bleaching and mineralization are likely a consequence of reducing fluids that derived salt from Pennsylvanian salt strata and then mixed with shallow, oxidizing, low-salinity waters.
The objectives of this study are to (1) describe the concretion-bearing rocks and the types of diagenetic hematite and manganese oxide deposits in the context of their geological and hydrological setting, (2) characterize the fluids from which the hematite precipitated by using fluid inclusion measurements and the isotopes of oxygen, carbon, and strontium, and (3) geochemically model the interaction of oxidizing and reducing fluids to account for the precipitation of hematite and manganese oxide. The significance of this research is to elucidate the characteristics and geochemical history of a body of rocks that has been an important source of economic products, such as iron and manganese deposits, petroleum, natural gas, and water. The iron oxide concretions appear to be strongly related to the presence and movement of reducing saline f luids through the fractures, faults, and aquifers. In some places hydrocarbons remain as tar sands and bitumen veins, but in many places the hydrocarbons are totally missing and leave only hints (such as bleaching) of their former presence. The thesis of our work is that the distribution of the iron oxide nodules and manganese oxide deposits can be used as an index to movement of reducing, saline fluids in the host rocks.
METHODS
Samples of hematite and manganese oxide accumulations, sandstone with cements and veins, and fault-related veins were collected from outcrops. Sample locations were recorded using a hand-held GPS (global positioning satellite) receiver and are shown on Figure 1 . Cements, iron oxides, manganese oxides, and clay minerals were identified by x-ray diffraction. Clay samples were prepared for x-ray diffraction analysis by mild hand grinding and then peptizing in water using ultrasound and 1-2 mL of 5% Calgon solution. The peptized suspensions were then centrifuged to separate the desired particle size. X-ray mounts were prepared using oriented centrifuge concentrates on glass slides. The samples were glycolated for 24 hr at 60°C. Hematite mineral separates for isotopic analyses were prepared by grinding, sieving, magnetic separation, and final hand-picking. Fluid inclusions that lacked a vapor bubble were heated first to stretch the inclusion, decreasing the density of the contents so that a vapor bubble would nucleate. The inclusions were then frozen, followed by gradual heating to observe the temperature of ice disappearance in the presence of liquid and vapor using the techniques described by Goldstein and Reynolds (1994) . Salinity was calculated using the equation of Bodnar (1993) . Fluid inclusions do not usually nucleate vapor bubbles if trapped at a temperature below about 60°C (Goldstein and Reynolds, 1994) , establishing a maximum temperature of entrapment.
The carbon and oxygen isotopic analyses of calcite were made with standard acid dissolution, extraction, and mass spectrometry techniques (McCrea, 1950) . The oxygen isotope analyses of hematite were performed at the University of Wisconsin Stable Isotope Laboratory. The laser-aided BrF 5 extraction technique (Sharp, 1990; Valley et al., 1995) was modified with the addition of an airlock to the laser fluorination system that avoids partial reaction during sample pretreatment as described by Spicuzza et al. (1998) . Strontium was separated from hematite by acid dissolution followed by cation exchange chromatography.
Strontium isotope compositions were measured by standard techniques of thermal ionization mass spectrometry (Nier, 1947) . Isotope compositions of carbon, oxygen, and strontium are expressed in the δ notation, relative to SMOW (Craig, 1961) for oxygen and strontium, and relative to PDB (Craig, 1957) for carbon.
Transport and precipitation of iron as a consequence of groundwater mixing is modeled here using the computer programs SOLVEQ and CHILLER (Reed, 1982) .
GEOLOGIC SETTING AND REGIONAL CONTEXT
The study area (Figure 1 ) is located near Moab, Utah, where diagenetic iron oxide structures are located south of the northern splays of the Moab fault system. This region of southeastern Utah is underlain by the Paradox basin, a late Paleozoic intracratonic basin filled with a mixture of carbonate, clastic, and evaporite sediments (Nuccio and Condon, 1996) . The Jurassic units were reddened by hematite formed from iron oxidation during subaerial exposure (Turner, 1980) and diagenesis (Walker, 1975; Walker et al., 1978 Walker et al., , 1981 ; however, two prominent sandstones, the Navajo Sandstone and the Moab Tongue, appear to have undergone bleaching from reduction of hematite and removal of the iron (Foxford et al., 1996) .
STRATIGRAPHY
Marginal marine to nonmarine Jurassic units of southeastern Utah are generally flat lying and well exposed in this northern portion of the Colorado Plateau. Six stratigraphic units (Figure 3 ) affected by diagenetic iron oxide are discussed in stratigraphic ascending order from oldest to youngest, and important primary depositional characteristics relevant to fluid movement are presented for each unit. Regional Jurassic paleogeography and paleoclimatology are summarized in Kocurek and Dott (1983) , Blakey et al. (1988) , Parrish and Peterson (1988) , Chandler et al. (1992) , Blakey (1994) , and Peterson (1994) . Ranges of permeabilities for each Jurassic unit and related underlying units are shown in Table 1 .
Navajo Sandstone
The Jurassic Navajo Sandstone and its related equivalents form the largest eolian dune sea deposit in North America (Peterson and Turner-Peterson, 1989) . Regional boundaries of the Navajo Sandstone are traceable across the Colorado Plateau (e.g., Pipiringos and O'Sullivan, 1978; Peterson and Pipiringos, 1979) . Previous work on this erg (e.g., Peterson, 1988; Blakey et al., 1988; Sampson, 1992; Blakey et al., 1996; Verlander, 1995) provides a welldefined stratigraphic and sedimentologic context.
Within the study area (Figure 1 ), the Navajo Sandstone is a well-sorted, fine-grained quartzarenite dominated by large-scale eolian cross-stratification (up to a few tens of meters). Locally there are contorted sets from soft-sediment deformation in the upper portion (few tens of meters) of the formation. A few thin interdune playa limestone deposits occur toward the top of the formation and now form inverse topography where erosion at the end of Navajo deposition left the playa limestones as resistant caps. Internally, the Navajo Sandstone is white colored in the study area, yet the same formation is orange colored just east of the Moab fault, at Moab, and along the Colorado River. The white color is due to bleaching (e.g., Foxford et al., 1996) from reducing fluids. The homogeneity of the well-sorted sandstone and its preserved porosity and permeability likely allowed large volumes of reducing fluids to flush through the unit. The Navajo Sandstone is also an aquifer unit throughout regions of the Colorado Plateau (Hood and Patterson, 1984; Howells, 1990; Kimball, 1992; Spangler et al., 1996) .
Page Sandstone
The Page Sandstone is locally present (generally only a few meters thick) and ranges from a basal chert-pebble-conglomerate lag above the J-2 unconformity (Pipiringos and O'Sullivan, 1975) to a coarse-grained sandstone, to sabkha and horizontal sand sheet deposits (Figure 3 ). The unit is thickest in the study area at the Courthouse Rock locality (Figure 1) , where there is an erosional hollow *From Hood and Patterson (1984) . (Havholm et al., 1993) . The Page Sandstone thickens southwestward into a separate erg (Havholm et al., 1993) , and it is lithologically similar to the underlying Navajo Sandstone. Initial permeability in the Page Sandstone was high (Chandler et al., 1989 ) (see Table 1 ), particularly where the unit is coarse grained. This high permeability likely led to some of the stratiform early iron oxide cementation described in later sections. The Page Sandstone is conformable with the overlying, finer grained, Dewey Bridge Member of the Entrada Sandstone.
Entrada Sandstone
The Entrada Sandstone contains three members in stratigraphic ascending order: the Dewey Bridge Member, the Slick Rock Member, and the Moab Tongue ( Figure 3 ). Each member exhibits distinctive lithologies and facies, which, in turn, affected fluid movement and circulation.
Dewey Bridge Member
The Dewey Bridge Member of the Entrada Sandstone overlies the Page Sandstone and contains interbedded sandstones, siltstones, and mudstones. The Dewey Bridge Member is a complex package of sabkha and eolian deposits and is correlative to the Carmel Formation, which is a marine equivalent to the west (Blakey et al., 1983 (Blakey et al., , 1988 (Blakey et al., , 1996 . The red-colored, interbedded mottled sandstones and siltstones have local bed-scale breccias in the study area, and largely indicate deposition in a sabkha environment. The upper stratigraphic half of the Dewey Bridge Member contains contorted and crinkled bedding with chert pieces representing likely replacements for dissolved evaporites. The contorted bedding was first noted during early studies by Gilluly and Reeside (1927) , Baker (1933 Baker ( , 1946 , Dane (1935), and McKnight (1940) . Sandstone pipes interpreted to have formed from strong ground motion (Alvarez et al., 1998) indicate probable injection of sand extending upward through sabkha deposits and in places reaching close to the base of the Slick Rock Member of the Entrada Sandstone. The overall dominance of silt in this Dewey Bridge unit marks this interval as a lowpermeability zone with only localized fluid circulation through sandier units (such as the pipes), when present.
Slick Rock Member
The Entrada Sandstone is another dune-sea deposit (Kocurek, 1981; Kocurek and Dott, 1983) that exhibits facies variations on a regional scale. The Slick Rock Member of the Entrada Sandstone is a resistant sandstone, largely eolian in origin, with alternating white-, pink-, and salmon-colored layers. It represents a shift from the silt-dominated Dewey Bridge Member to a wet-eolian dune system with horizontal stratification alternating with meterscale dune sets. Within the Slick Rock Member, there is a gray-colored, 9-m-thick tar-saturated sandstone representing a sabkha deposit with abundant soft-sediment deformation features. The gray tar sand is flanked both above and below by 5 m and 11-12 m, respectively, of bleached yellowish orange to grayish orange sandstones at the Rainbow Rocks locality (Figure 4) . The tar-saturated unit commonly exhibits concretionary iron oxide deposits. The Slick Rock Member is interpreted as an interval of moderate permeability (Antonellini and Aydin, 1995) , which was not bleached as are the higher permeability units (e.g., Navajo Sandstone). Permeability of the Entrada Sandstone is also heterogeneous and ranges from 10 to 1000 md (Table  1) . Once oil infiltrated the lower permeability sabkha deposit (tar-sand unit), heterogeneities in the crinkly bedding likely caused the oil to remain trapped in the stratigraphic-bound unit, sandwiched between wet-eolian dune deposits with moderate permeabilities.
Moab Tongue
The Moab Tongue is the third member of the Entrada Sandstone. This relatively thin unit pinches out to the south and west. This unit is largely white-colored and commonly jointed, and is thus distinguished from the underlying pink-to salmoncolored Slick Rock Member, which lacks the common joints. The Moab Tongue is fine grained and contains horizontal stratification and cross-stratified eolian dune sets. This unit represents transitional beach to eolian dune deposits (Kocurek and Dott, 1983) . Permeability in the Moab Tongue was likely high and perhaps enhanced by jointing (Huntoon, 1988; Antonellini and Aydin, 1995) . The Moab Tongue is also white-colored, and bleaching similar to the Navajo Sandstone is implied.
Summerville Formation and Tidwell Member of the Morrison Formation
The thin-bedded red sandstone and mudstone interval overlying the Moab Tongue in the study area includes the Summerville Formation (Baker et al., 1952) , as well as the Tidwell member of the Morrison Formation (Doelling, 1985) . The Summerville Formation here is only on the order of several meters thick and is composed of noncalcareous red beds (Doelling, 1993; Doelling and Morgan, 1996; H. H. Doelling, 2000, personal communication) . The J-5 unconformity of Pipiringos and O'Sullivan (1978) occurs at the base of the Morrison Formation (Figure 3 ) and separates the Summerville Formation from the overlying limy and cherty beds of the Tidwell member (Doelling and Morgan, 1996;  H. H. Doelling, 2000, personal communication) . The Tidwell member in the study area is approximately 10 m thick or less (H. H. Doelling, 2000, personal communication) . Because the stratigraphic units here are so thin, we herein refer to these red beds as the Summerville-Tidwell interval. This red-bed interval above the Moab Tongue represents a marine incursion of thin, interbedded mudstones and fine-grained sandstones deposited in a coastal to tidal setting. This fine-grained interval served as a confining layer (Table 1 ) and hence retained its red coloration.
STRUCTURE
The study area is located in the fold and fault belt of the Paradox basin. The evaporites of the Pennsylvanian Paradox Formation are nearly 2 km thick and have been deformed to produce a series of northwest-southeast-trending salt anticlines where the salt is locally thickened to more than 4000 m (Cater, 1970) . Four periods of structural activity related to salt movement were recognized by Doelling (1988) . First, the period of most active salt movement formed a series of eight salt anticlines in the region (300-225 Ma, Table 2 ), including the Moab and Lisbon Valley anticlines. The Moab anticline is an example of a small exhumed hydrocarbon paleoreservoir (Garden et al., 1997) . Second, a period of localized salt movement took place where the salt was thickest. The resulting topographic relief resulted in erosion of overlying sediments (225-100 Ma, Table 2 ). Third, the salt structures were buried by as much as 2 km of post-Triassic sediments. Fourth, the salt structures were exhumed about 37 Ma (Nuccio and Condon, 1996) . The salt was dissolved by groundwater, and the Moab and Lisbon Valley grabens were formed. The relative timing of these four events is shown in Table 2 . The study area displays several faults influenced by salt tectonism and salt dissolution. The salt anticlines lie above and are parallel with basement faults that are related to salt tectonism active from the Pennsylvanian to the present (e.g., Atwood and Doelling, 1982; Doelling, 1985; Huntoon, 1988; Oviatt, 1988; Foxford et al., 1996) . The influence of the basement faults coupled with extension along the anticlines could have produced the incipient Moab fault, with subsequent dissolution and collapse of the anticlines to create the Moab Valley (e.g, Doelling, 1985) .
The Moab fault (Figures 1, 2 ) is a 45-km-long northwest-striking normal fault in the northeast part of the Paradox basin and forms the southwest margin of the collapsed Moab Valley. Much of the field geology (fault geometries, diagenesis, and cementation relationships) of the Moab fault system is mapped and discussed by Foxford et al. (1996 Foxford et al. ( , 1998 and Garden et al. (1997 Garden et al. ( , 1998 . Much of the maximum displacement of about 1 km was caused by collapse of Pennsylvanian and younger rocks into the dissolving core of a salt anticline (Foxford et al., 1996) . Maximum throw on the fault places the Jurassic Morrison Formation in the hanging wall against Paradox Formation in the footwall near location AR in Figure 1 . Two phases of activity have been recognized on the Moab fault by Foxford et al. (1996) and Doelling (1988) : a pre-Late Jurassic and a post-middle Cretaceous phase. K-Ar dating and δ 18 O composition of illite related to the fault by Pevear et al. (1997) shows an incursion of meteoric water at 50-60 Ma (Table 2) .
Many localities and occurrences of iron oxide deposits occur relatively close to the Moab fault ( Figure 1 ) and are well exposed in the study area. Veins of bitumen, sparry calcite, pyrite, and other minerals are present along and within 250 m of the Moab fault. Bleached Entrada and Navajo sandstones from which red hematite has been removed can be traced more than 7 km from the fault (Garden et al., 1997 Foxford et al., 1996) . These characteristics show that the fault was a conduit for migration of aqueous solutions and hydrocarbons.
The evolution of Lisbon Valley, located southeast of the Moab anticline and fault (Figure 1 ), is similar to Moab Valley. The Lisbon Valley anticline is faulted along its longitudinal axis by the 34-km-long Lisbon Valley normal fault. The Lisbon Valley fault is related to growth of a salt-cored anticline with major uplift and offset along the Lisbon Valley fault during the Tertiary (Wood, 1968) . At the crest of the Lisbon Valley anticline, the displacement is about 1200 m with Pennsylvanian Honaker Trail Formation faulted against Cretaceous Dakota Sandstone (Wood, 1968; Shawe, 1970; Morrison and Parr y, 1986) . Displacement is 600 m with Chinle Formation faulted against Morrison Formation 13 km northwest of the anticline crest. Almost all branch faults and major fractures are parallel or subparallel to the Lisbon Valley fault and the long axis of the anticline. Extensive erosion of the Lisbon Valley anticline started in the late Eocene, and 1500 m of sediments were removed. The Lisbon Valley fault has been the locus of saline fluid movement and mineralization that includes manganese oxide deposits and bleaching of sandstones (Kennedy, 1961; Jacobs, 1963) .
The burial history of the Paradox basin has been determined from stratigraphic reconstructions by assuming that thicknesses of Tertiary and Cretaceous strata removed from the Paradox basin area by erosion are similar in thicknesses to areas around the periphery of the basin, such as the Book Cliffs and the Henry Mountains (Nuccio and Condon, 1996; Huntoon et al., 1999) . These reconstructions indicate the following sequence of events: (1) maximum burial in the Cretaceous-middle Tertiary with oil generation in the Paradox basin in the Late Cretaceous (Nuccio and Condon, 1996) , (2) oil migration into the White Rim Sandstone in the Tertiary (Huntoon et al., 1999) , and (3) hydrocarbon movement along the Moab fault in the Late Cretaceous-early Tertiary (Foxford et al., 1996) . The maximum temperature reached in Jurassic sediments during burial in the Moab area of the Paradox basin was estimated to be 79°C (Nuccio and Condon, 1996) .
HYDROGEOLOGY
Present-day groundwater in the Navajo Sandstone includes brines with salinities of nearly 20,000 mg/L dissolved solids, up to 19 mg/L dissolved Fe, and 0.3 mg/L dissolved Mn (Kimball, 1992; Spangler et al., 1996) , as well as water with low salinity. Detailed geochemical studies of Spangler et al. (1996) indicate that the source of high-salinity fluids in the Navajo Sandstone is the result either of upward movement of water from an upper Paleozoic aquifer or from dissolution of evaporite. Hood and Patterson (1984) also documented movement of brine from below the Navajo Sandstone upward in the areas east of the San Rafael swell, where relatively high artesian pressures are present. Water quality data and formation water resistivities from geophysical well logs show a thick layer of moderately saline (3000-10,000 mg/L) groundwater under the eastern two-thirds of San Juan County. Very saline (10,000-35,000 mg/L) to briny (35,000-400,000 mg/L) waters lie beneath the moderately saline groundwater in or near areas underlain by evaporite beds (Howells, 1990) .
Circulation of groundwater has been responsible for four important events: (1) dissolving the salt from the cores of the salt anticlines and attendant collapse of the anticlines, (2) bleaching, reduction, and mobilization of iron spatially associated with the Moab fault, (3) precipitation of vein minerals in the fault and cements in rocks near the fault, and (4) precipitation of iron and manganese oxides. The groundwater f low is controlled by surface topography, rock permeabilities, and tectonic structure.
Topographic relief allowed for the development of hydraulic gradients in the groundwater system. Topographic relief from uplift of the salt anticlines is indicated by consequent streams flowing westward from the southwest flank of the Moab salt anticline in the late Tertiary-early Quaternary (Oviatt, 1988) . The formation of the La Sal Mountains in the Oligocene resulted in 1800 m of doming that would influence groundwater flow (Hunt, 1958) . The latest phase of uplift of the Colorado Plateau and incision of the Colorado River in the Pliocene also provided steep hydraulic gradients that enhanced removal of the salt (Huntoon, 1988) .
The Jurassic eolian sandstones and associated fluvial and sabkha deposits are aquifers separated from the salt beds of the Paradox Formation by confining aquitards of the Triassic Chinle and Moenkopi formations. Access of groundwater from the Lower Jurassic aquifers to the Pennsylvanian salt was provided by erosion and structure. Erosion removed the Moenkopi and Chinle confining layers. Solution-collapse of the salt anticlines increased permeability of overlying layers due to faulting, and extensional fractures developed in the crests of the salt anticlines (Huntoon, 1988) .
FIELD OCCURRENCES OF DIAGENETIC HEMATITE
The Jurassic strata of the study area contain a variety of very dusky red, brownish black, and blackcolored (Munsell Rock Color Chart) iron oxide concretions and cemented sandstones. In these concretions, hematite cement commonly composes up to 25% of the rock. Some iron deposits occur in layers that are referred to as ferricretes (Wright et al., 1992) . The variety of iron oxide deposits studied here are summarized in Table 3 .
Small concretions of secondar y iron oxide deposits are exclusively hematite-cemented sandstone. These concretions form all kinds of shapes from millimeters to centimeters in diameter, and cut across primary bedding structure. Some concretions are solid spherical balls around unknown nuclei; others are spherical rinds with plain redstained, host rock interiors (lacking black-colored hematite cement on the inside). Concretions also exhibit forms that appear to have coalesced or joined (similar to two glued marbles), or exhibit a variety of other odd shapes (buttons, disks, irregular knobby forms to spiked-looking balls). Many concentric spherical concretions are locally known as Moki marbles, a name associated with prehistoric Indians. These small concretions are found in the Navajo Sandstone, the Slick Rock Member of the Entrada Sandstone, or the Moab Tongue of the Entrada Sandstone.
Small iron oxide concretions (Figure 4 ) are common in the tar sand unit of the Slick Rock Member of the Entrada Sandstone. Here, the presence of the hydrocarbons implies reducing conditions.
Larger cylindrical pipes and columns that cut across primary cross-bedding are common within the upper several meters to tens of meters of the Navajo Sandstone (Figures 5, 6 ). These range from centimeters to tens of centimeters in diameter and can extend several meters vertically ( Figure  7 ). Many of the pipes and columns appear to be grouped, clustered, and even aligned as though following a fault or spring line ( Figure 7B ), even though no obvious structural control is evident on the surface. In some places, pipes and columns are vertically slanted or inclined and hematite-cemented pipes are offset along the eolian foresets ( Figure  7C ). These cylindrical pipes and columns are similar to the small concretions in that they can be totally hematite-cemented or can be only thin (millimeter thick or more) outer pipes and rinds of hematite.
On one well-exposed upper surface at the top of the white-bleached Navajo Sandstone are hundreds of hematite columns that have been planed off (broken) and exposed at localities at the back of Rainbow Rocks, Freckle Flat, Pothole Point, and Redwall Mesa (Figure 1 ). The columns typically have a thick-cemented outer rind (centimeters thick) of hematite and can have varying degrees of hematite cement to a just faint red-colored hematite staining (cement) in the core. The diameter of the columns is generally 10-40 cm. The outermost edges range from sharp to diffuse, possibly due to groundwater movement that has streaked the red hematite column sides/edges to create a shadow zone (showing streaked downf low groundwater movement and a clean, sharp upflow boundary). The result is a "comet tail" of residual hematite-stained sand that can be seen in the top cross sectional views (Figure 8 ). Rose diagrams of over 150 measurements show a polymodal distribution of inferred fluid flow movement (Figure 9) , with average modes of 199-225°azimuths (flow to the south-southwest) from three separate localities. This is an unusual cementation structure that appears to preserve the direction of groundwater flow.
A third type of iron oxide occurrence is erosionally resistant, large towers of very dusky red to Hues and Homogeneous white to tan, yellow, red
Homogeneous
Iron oxides All studied formations Coloration black hematite-cemented sandstone up to 10 m high. These appear to be fluidized sand injected as pipelike bodies extending up through the Dewey Bridge Member that nearly reach the base of the Slick Rock Member of the Entrada Sandstone. They are best exposed at Duma Point (Figure 1 ), where a dozen or more exhibit preferential hematite cementation (Figure 10 ). Although these sandstones are preferentially cemented by hematite, some zones contain more hematite than others.
A fourth occurrence of the iron oxide is a ferricrete (Wright et al., 1992) , strata-bound layer of hematite-cemented sandstone. These ferricretes are largely localized in the Page Sandstone, where a chert-pebble conglomerate and coarse-grained sandstone occur above the Navajo Sandstone. The ferricrete (Figure 11 ) is typically up to about 1 m thick and extends for tens of meters laterally, but it is clearly a local phenomenon. The hematite cement commonly encases pebble-to gravel-size polished and pitted chert fragments. The ferricrete is exposed in the Freckle Flat localities and the back of Rainbow Rocks (Figure 1) , and typically occurs in association with the pipes and columns that were conduits connecting f low from the underlying Navajo Sandstone. This ferricrete can be very dense, hard, and a metallic-looking very dusky red to black color where hematite has pervasively cemented the sandstone. In other areas, very localized ferricretes are in fine-grained sandstones (e.g., Determination Towers, Figure 1) .
Manganese-rich zones of a totally different composition than the hematite ferricretes (Table 4) occur in the Summerville-Tidwell interval and appear to be stratiform along bedding, typically in fine-grained sandstone beds. Manganese oxide deposits consisting of pyrolusite and manganite are up to 1 m or more thick and extend for tens of meters laterally. The manganese oxide occurs as up to 27% cement (Table 4) , but is also present as vein fillings. Within a given sample, where the manganese oxide cement is present, iron is absent as indicated by whole-rock analyses (Table 4) . Although other manganese oxide deposits have been reported in early studies (Baker et al., 1952) , we focused on the manganese deposit at Flat Iron Mesa (Figure 1 ). Here, both hematite and the manganese oxides are associated with vein and fracture filling along a steep fault striking 310-320°. The mineralization includes hematite, pyrolusite, and cryptomelane, cementing quartz sand grains of the host Navajo Sandstone. The manganese oxides also occur as several irregular colliform bands, emanating from the fracture ( Figure 12A ). Small millimeter-diameter fingers of manganese oxide minerals are contained within colliform bands ( Figure  12B , C). Each finger is cored by cryptomelanehollandite with a rim of pyrolusite and an outer rim of hematite, with red sandstone occupying the interfinger area. Liesegang banding of all sizes, scales, and variations is present in many of the iron oxide and manganese localities described; however, Liesegang banding does not have any obvious correlation to the iron oxide concentrations.
Spatial occurrence of iron and manganese oxides southeast of the Moab fault and mapping of hematite reduction by Foxford et al. (1996) indicate that this reduction was contemporaneous with last phases of Tertiary faulting along the Moab fault system. Occurrences of the diagenetic hematite responsible for the red coloration indicate that they would have been present prior to bleaching and thus might have been deposited fairly soon after Jurassic deposition.
Other workers report fractures in the Navajo Sandstone that are completely filled with iron oxide in the northern San Rafael swell (Hood and Patterson, 1984 ) north of our study area. These iron oxide-filled fractures could also be related to Liesegang banding or post-Jurassic faulting.
PETROGRAPHY AND MINERALOGY
Observations of more than 40 thin sections from representative field samplings indicate two possible paragenetic sequences in the concretionary hematite deposits. Diagenetic minerals were identified in thin sections (Figure 13 ), and compared with x-ray diffraction analysis of clays. Alteration of aluminosilicate minerals in the sandstones to clay minerals is commonly observed. The detrital feldspars, both plagioclase and K-feldspar, are typically altered to kaolinite, illite, and interstratified illite-smectite (I/S). The I/S is R > 3 ordered and contains 90% illite layers. In one paragenetic sequence, detrital quartz grains are B A coated with iron oxide prior to early quartz overgrowths ( Figure 13A ). In a second paragenetic sequence, illite or I/S or both illite and I/S coatings surround detrital quartz grains, and where quartz overgrowths are present, the illite-I/S coats the quartz overgrowth ( Figure 13B) .
Hematite is the only iron oxide identified by x-ray diffraction. Manganese deposits contain pyrolusite, 
B
A manganite, and rare cryptomelane-hollandite. We observed no pseudomorphs of hematite after pyrite nor other evidence that the hematite formed from oxidation of pyrite. Reduced (bleached) sandstones at the bases of bleached zones are reported to contain cubic hematite pseudomorphs of pyrite (Garden et al., 1997) , and rare pyrite veins on the Moab fault are reported by Foxford et al. (1996) . Occurrences of malachite and azurite (CR and RR localities of Figure 1 ) may have formed from oxidation of copper sulfide. Samples of the concretionary iron oxide deposits exhibit hematite cementation and replacement ranging from a stain over previous cements, to a pervasive hematite that masks cements, matrix clay, and clay coatings; thus well-rounded quartz grains are almost floating in a hematite cement. Samples of manganese oxide deposits exhibit early quartz overgrowths followed by illite coatings, then manganese oxide cements followed by a late-stage of calcite infilling cement.
Within the hematite concretions, quartz grains are coated with a thick layer of hematite, and euhedral, hexagonal plates of hematite protrude into the unfilled pore space ( Figure 13C ). Hematite also replaces or masks illite grain coatings. In a few concretion samples, porosity is filled with carbonate cements, most commonly calcite ( Figure 13D ), but locally siderite is present. Some calcite pore fillings contain disseminated hematite. Early hematite present between detrital quartz grains and the quartz overgrowth implies that hematite was present prior to cementation.
GEOCHEMISTRY
The formation of the hematite and manganese oxide accumulations must begin with dissolution of iron and manganese, then transport, and finally precipitation. Iron occurs naturally in minerals and fluids in nature in two oxidation states: Fe 2+ and Fe +3 . The Fe +3 in hematite imparts the red colors so common in the Jurassic Navajo and Entrada sandstones. The mobility of iron in solutions is closely related to oxidation state, pH, and complexing ligands such as Cl -. At ordinary temperatures (25°C) and geologically reasonable values of Figure 1) . Small square depicts average vector for each set of data. Although some "comet tails" (e.g., Figure 8B ) show variable paleoflow directions, the dominant mode is still toward the southsouthwest.
pH (4-8), calculated iron concentrations in oxidizing solutions (as Fe +3 ) are typically less than 10 -6 parts per million (e.g., Stumm and Morgan, 1996) . sandstones in the region stained red by thin hematite rims and hematite-stained clays were bleached after burial as either oil or fault-related reducing brines migrated through the sandstones and reduction reactions dissolved the hematite rims and stains (Hansley, 1995; Garden et al., 1997 Garden et al., , 1998 . The sandstones also contain manganese. An average of 289 samples of 24 Paleozoic-Mesozoic sandstones from the Colorado Plateau is 0.018% MnO (Pettijohn, 1963) . Laboratory leaching experiments show reducing leach solutions can typically remove iron and manganese from the red beds (Zielinski et al., 1983) . 
Fluid Inclusions
Salinity of fluids in fluid inclusions were measured in a coarsely crystalline calcite vein from the Moab fault (sample 99-10, locality CR of Figure 1 ). Calcite crystals are 1-2 cm on an edge. The fluid inclusions are one-phase, liquid-filled, secondary inclusions that occupy healed fractures in the coarse vein calcite.
Freezing point depressions correspond to salinities that range from 0 wt. % NaCl to a maximum of 9.9 wt. % NaCl. The most frequently observed values are from 1.6 to 1.7 wt. % NaCl (Figure 14) . Breit and Meunier (1990) and Morrison and Parry (1986) measured salinities of fluid inclusions trapped in carbonates related to the Lisbon Valley fault. Salinities ranged from about 0.5 to 9.5 wt. % NaCl (Breit and Meunier, 1990) and from 5 to 19.7 wt % NaCl (Morrison and Parry, 1986) .
Isotopic Compositions of Carbonates and Hematite
The oxygen and carbon isotope compositions of calcite vary widely (Table 5 ). The δ 18 O values of calcite from fault veins within or near the Moab fault where the sandstone is bleached range from 7 to 15.8‰. These values are significantly lower than the δ 18 O values of calcite cements (15-25.6‰) and veins (17.6-27.0‰) that occur in unbleached sandstones well away (>5 km) from the Moab fault (Table  5 ). The δ 13 C values of calcite cements and veins remote from the Moab fault range from -6.0 to -1.6 and -6.23 to 5.20‰, respectively. The δ 13 C values of calcites from veins within or near the Moab fault are significantly lower (-4.7 to -10.3‰). The oxygen isotopic compositions of four hematite separates from iron oxide concretions were also measured. These δ 18 O values range from -4.7 to 7.0‰. The δ 87 Sr values of hematite ranges from 0.210 to 2.977‰ (Table 5 ). The δ 87 Sr values of two calcite samples from the Moab fault are -0.327 and 0.766‰.
Discussion of Isotope Results
The δ 18 O and δ 13 C values of calcites range widely from 7.0 to 27.0 and -10.3 to +5.2‰, respectively. Most of this variation cannot be the result of variations in temperature. The temperature of formation of these calcite veins and cements is restricted to the range of 30 to 80°C, based on the results of fluid inclusion microthermometry and estimated burial and thermal history (Nuccio and Condon, 1996) . Over this range of temperature, the calculated δ 18 O value of calcite in exchange equilibrium with a fluid of constant δ 18 O composition would vary by a maximum of 8‰ (Table 5) ; therefore, most of the observed range of δ 18 O values of the calcites must be due to variation in the isotopic composition of water.
The calculated δ 18 O and δ 13 C values of waters in equilibrium with the calcites at 50°C are compiled in Table 5 and shown in Figure 15 . Water compositions were computed using the fractionation factors of O'Neil et al. (1969) for oxygen and those of Bottinga (1968) and Mook et al. (1974) This large variation in δ 18 O and δ 13 C values suggests that these calcites were formed by mixing of an 18 O-and 13 C-depleted meteoric water with a more 18 O-and 13 C-enriched water. The 18 O-and 13 Cdepleted meteoric water end member would have had δ 18 O values as low as -16 to -17‰. These low values suggest a topographically driven hydrologic system characterized by high elevation recharge, deep circulation of meteoric water, and exchange with hydrocarbons in lower stratigraphic sections. The lightest modern meteoric water in the area, represented by La Sal Mountains snow, has a comparable δ 18 O value of -16.2‰ (Table 5) . Pevear et al. (1997) more likely 25°C, the minimum required value would be -0.8‰. This end member may be shallow groundwater (recharged at lower elevation) or meteoric water that is 18 O-and 13 C-enriched due to surface evaporation prior to recharging local shallow groundwater.
The oxygen and strontium isotopic compositions of fluids responsible for deposition of the hematite concretions are plotted in Figure 16 . Exchange experiments suggest that oxygen isotope fractionation between ferric oxide and water is small and is relatively insensitive to change in temperature (Bao and Koch, 1999) . In addition, there is generally thought to be no significant strontium isotope fractionation between fluid and precipitating solid; therefore, in Figure 16 , the oxygen and strontium isotopic compositions of the fluids in equilibrium with hematite are identical values to those of hematite cement. These δ 87 Sr values at 0.210 to 2.977 are substantially more radiogenic than either Permian sea water (-3.328‰), Pennsylvanian sea water (-1.212‰), or barite from the Pennsylvanian Hermosa Group (-0.860‰) (Breit and Meunier, 1990) . Phanerozoic clastic sediments are typically more radiogenic, averaging 9.788‰ (McDermott and Hawkesworth, 1990) . Typically, saline water acquires 87 Sr from reacting with detrital silicates in the flow path (Hanor, 1994; Russell et al., 1988; Stueber et al., 1984; Banner et al, 1989) . Fluids from which the hematite precipitated likely acquired 87 Sr by reaction with the clastic sediments (detrital silicates) within the Paradox basin through which they f lowed, an origin similar to that of brines in the Mississippi salt dome province (Russell et al., 1988) , Smackover brines in southern Arkansas (Stueber et al., 1984) , and brines from central Missouri (Banner et al., 1989) . The δ 87 Sr values of two calcite samples from the Moab fault, -0.327 and 0.766‰, are also plotted in Figure 16 . The δ 87 Sr values are also more radiogenic than late Paleozoic seawater. The higher value overlaps the field of δ 87 Sr values for hematite. Also shown in Figure 16 are the oxygen and strontium isotopic compositions estimated for water from the Lisbon Valley fault and its southeastern extension to the Dolores zone of faults (Breit and Meunier, 1990) . The δ 8 7 Sr values of both the Dolores and Moab fault-related fluids are also more radiogenic than the Paradox salt beds. The isotopic composition of oxygen from the Lisbon Valley fault lies in the range of hematite from the Moab fault system, but samples from the Dolores zone of faults are depleted in 18 O.
The f luids responsible for deposition of the hematite concretions had variable, but high, δ 18 O and δ 87 Sr values. The fluid inclusion measurements indicate that the fluids responsible for precipitation of calcite within the Moab fault had significant salinity (up to 9.9 wt. %). In order to transport iron, these fluids must have been reduced. Thus, these waters have evolved (presumably from meteoric water) by flow and reaction with the underlying sedimentary section. Salts were derived from evaporites of the Paradox Formation of the Hermosa Group, and 87 Sr was derived from the Jurassic red bed clastic sediments. These f luids could have become reduced by interaction with hydrocarbons, methane, or organic acids.
One possible mechanism to precipitate hematite from these geochemically evolved fluids is to mix this evolved, reduced deep water with unevolved (relatively less saline and 18 O-depleted), oxidized (shallow) meteoric water. The significant range of oxygen and strontium isotope compositions to negative δ values is broadly consistent with such mixing. Breit and Meunier (1990) and Morrison and Parry (1986) described similar fluids and mixing processes from the Lisbon Valley fault. They interpret fault fluids at 70-90°C to be evolved isotopically by exchange with evaporites of the Paradox Formation of the Hermosa Group, extraction of 87 Sr from red bed clastics, and exchange with 13 Cdepleted, carbon-rich sedimentary rocks; these fluids subsequently mixed with meteoric water.
Geochemical Simulations
The presence of variable saline groundwater in the Navajo Sandstone, the history of salt dissolution and faulting, the evidence for upward movement of saline water from the Paradox salt along the Moab fault, and the isotope and fluid inclusion data suggest a plausible mechanism for hematite precipitation. Saline, reduced waters contain dissolved Fe and Mn, which upon mixing with shallow, oxygenated water, would precipitate as hematite. Water compositions for mixing simulations were chosen based on the Navajo aquifer data in Spangler et al. (1996) and are shown in Table 6 . The reduced, saline groundwater was adjusted to equilibrium with magnetite and hematite with a total dissolved iron concentration of 4 mg/L. The pH of reduced, saline brine was chosen based on data from Hanor (1994) , who observed that as salinity increases due to solution of evaporites, the pH decreases. A value of 6.5 was chosen for pH near the maximum for salinities of 200,000 mg/L.
The oxygenated water was assumed to contain 1 mg/L dissolved oxygen to provide gradual oxidation upon mixing with the saline, reduced water. In the numerical simulation (Figure 17 ), small fractions of oxygenated water were added to the saline, reduced water, and then minerals were precipitated to reach equilibrium followed by adding the next increment of oxygenated water. Dissolved oxygen in the mixture increases with increasing fraction of the oxygenated water (Figure 17) , and the oxidation potential (Eh) increases as shown in Figure 18 . At a mixing fraction of oxygenated water of 0.1, 1 mg/L of dissolved Fe precipitates as hematite. At a mixing fraction of 0.6, 90% of the dissolved Fe precipitates as hematite, and at a mixing fraction of 1.00, essentially all of the Fe precipitates as hematite. Saturation of the solution with pyrolusite would be reached at a mixing fraction of approximately 0.75, but manganese minerals were not included in the simulation. If the δ 18 O values of the fluid end members are taken to be the highest measured value of the hematite samples (+7‰) and of modern meteoric water in the area (-16‰, La Sal Mountain snow), then simple oxygen isotope mass balance calculations indicate that for a mixing fraction up to 0.6 (at which point 90% of dissolved Fe precipitates as hematite), the δ 18 O value of the mixed fluid would be reduced to -6.8‰, a variation of about 14‰. The significant range of measured δ 18 O values for hematite (from +7‰ down to -4.7‰) is compatible with mixing fractions up to about 0.5, consistent with these oxidation/mixing simulations.
Oxidation of ferrous iron in solution and precipitation as hematite generates acidity according to the reaction:
The acidity produced can be consumed in reactions with other minerals in the rock such as calcite or illite.
In nature, the primary products of the oxygenation of Fe 2+ at an oxic-anoxic boundary such as we model here are polynuclear aggregates of Fe 3+ hydroxides and ferrihydrite (Schwertmann and Fischer, 1973; von Gunten and Schneider, 1991) . Original precipitates are converted to goethite, lepidocrocite [γ-FeO(OH)], akaganeite [β-FeO(OH)], and finally to hematite (Berner, 1969) . Because only hematite was detected in x-ray diffraction scans, we modeled hematite precipitation rather than the metastable original precipitates.
Manganese mineral solubility is determined by oxidation state and pH of the solutions similar to iron mineral solubility; however, manganese minerals are more soluble, but under much more oxidizing conditions. A mechanism for separation of iron 7.05 × 10 -13 3.13 × 10 -5 *Concentrations in molality (based on Spangler et al., 1996) . and manganese is suggested by the Eh-pH diagram of Figure 18 . Present-day saline groundwater in the Navajo Sandstone contains much less dissolved Mn than Fe. The diagram is constructed assuming Mn is one-tenth of the dissolved Fe. The stability field for dissolved Mn is considerably larger than soluble Fe (Krauskopf, 1957; Maynard, 1983) . The model for precipitation of hematite proposed here involves mixing of an oxidizing groundwater with a reduced, saline, Fe-and Mn-bearing groundwater. The oxidation potential of the resulting mixture increases as the proportion of oxidizing groundwater increases along the reaction path ( Figure 17 ). Hematite precipitates until the groundwater mixture is very oxidizing; in fact, more than 90% of the Fe precipitates as hematite before the solutions reach saturation with pyrolusite. If the waters are advecting upward from the source of saline fluids as proposed here, then manganese oxide minerals would precipitate stratigraphically above the iron oxides. Iron and manganese removed from the Navajo and Entrada and underlying red beds during reduction and bleaching constitute a plausible source of metals. The metals taken into solution thus precipitate upon mixing with oxygenated water.
Geometries
Hematite and manganese oxide deposits and concretions occur with a variety of geometries.
The diverse geometries may be explained as the result of permeability heterogeneities in the host rock, presence of favorable nucleii for precipitation, a self-organization process, or the influence of microbes.
Permeability heterogeneities in the host rock sandstones are consistent with large sandstone towers at Duma Point encased in the fine-grained Dewey Bridge host rock, where the permeable sandstone pipes were conduits for fluid flow. Also, the coarse-grained nature of the chert pebble conglomerate in the Page Sandstone aided cementation by hematite to form the ferricrete; however, in the same units and sandstones Liesegang bands crosscut primary stratification, cross-bedding, and other sedimentary structures, indicating no obvious small-scale heterogeneity control.
Some type of nuclei (e.g., organic matter or iron oxide originally present in the sandstone) may catalyze the precipitation reactions and preferentially provide precipitation nucleii for cementation. Studies of carbonate concretions show complexly zoned, late-stage cements throughout the concretion (e.g., Mozley, 1996) . Although nucleii and successively added layers or zonation is a common explanation for concretions, we found no nucleii and could see no textural evidence that the concretions grew through progressive addition of hematite to the outer edge of some nucleii.
Many concretions are simply a crystallization growth with a self-organization process of natural spacing (e.g., Nicolis and Prigogine, 1977; Ortoleva, 1984; McBride et al., 1999) , although it is unclear why concentric growth can occur in one bed and not another. This model can explain small concretions such as the Moki marbles found in the tar sand of the Slick Rock Member of the Entrada Sandstone (locality RR, Figure 4 ). We use a modification of the Ostwald-Liesegang cycle described by Ortoleva (1984) and Ortoleva et al. (1987a, b) to illustrate the formation of the nodules and bands (Figure 19 ). In this model, reducing, hydrocarbonbearing solutions flow upward along the Moab fault, invade the red sandstones, and reduce and dissolve iron, thus bleaching the sandstone. The reducing water is now charged with Fe 2+ in solution. The Fe 2+ -charged solution encounters oxygenated groundwaters, and upstream diffusion of O 2 together with downstream diffusion of Fe 2+ elevates the reaction product [(Fe 2+ )(O 2 )/(H + )] at successive times 1, 2, and 3 as shown in Figure 19 . The reaction product reaches a level of supersaturation that promotes nucleation and precipitation of hematite at time 3, and the reaction product falls to the equilibrium level at time 4. Reactants are supplied by upstream diffusion of O 2 and advection of Fe 2+ , and the nodule or concretion grows. When the advection front of reducing, Fe 2+ -charged water proceeds sufficiently far downstream, upstream diffusion of O 2 is no longer effective in reducing the reaction product, so a new supersaturationnucleation level is reached downstream at time 7 and growth of a new concretion or band begins at time 8 (Figure 19 ).
Microbial processes (Coleman, 1993) or nannobacteria (McBride et al., 1994) mediate mineral precipitation and enhance kinetics (Ehrlich, 1996; Langmuir, 1997) . Inorganic oxidation of iron and manganese is very slow in natural waters at ordinary pH (4-8). Iron-oxidizing bacteria can increase the rate of iron oxidation by as much as six orders of magnitude (Fortin et al., 1997) . Even though ample time is available for precipitation, enhanced precipitation rates at the site of microbe colonies would concentrate precipitation there. Iron oxidation by iron bacteria in acid media is well known (example: Thiobacillus ferrooxidans), but unequivocal evidence for bacterial oxidation of iron at neutral pH is lacking (with the possible example: Gallionella ferruginea) (Ehrlich, 1996) . We have not yet been able to document the microbial processes in our samples, but microbially enhanced precipitation might explain why some of the iron forms are so clustered and exhibit colliform growths (e.g., Liesegang banding, as well as manganese pyrolusite and cryptomelane minerals) at a variety of scales.
Our data for iron oxide towers and ferricretes best fit permeability heterogeneities, where we can determine different heterogeneities, reflected in lithologic changes; however, the bulk of the concretions (Moki marbles), pipes, columns, and Liesegang banding in this study can best be explained by a combination of self-organization and microbial processes where self-organization contributes to the physical spacing of the nodules along a mixing-water front with some enhancement of cementation from microbial processes. We cannot rule out precipitation on nucleii because we cannot prove or disprove the presence of nucleii.
DISCUSSION
Analyses of concretions (Figures 4C, 5, 11; Table 4) indicate that the mineralogic composition is hematite cement within a clean, quartzarenite. This hematite cement contains iron as Fe +3 . The mobility of iron at low temperatures depends primarily on oxidation potential and pH. Thus, iron is most easily transported as Fe 2+ . These relationships imply that precipitation as hematite can be due to increase in pH or increase in oxidation potential or both; however, the pH required for significant mobility of Fe +3 would be too low (<4, too acidic) to be geologically reasonable, and implies that iron is mobilized as Fe 2+ in reducing waters, and then subsequent oxidation causes the hematite precipitation.
We propose that the iron is transported in the ferrous state (Fe 2+ ) in saline waters with 200,000 g/L of dissolved solids, near the upper limit measured in fluid inclusions, but undersaturated with halite. The saline waters were derived from solution of the salt from the Paradox Formation in the core of the Moab-Spanish Valley anticline. The largest accumulations of iron are those at Duma Point (Figure 1) . A single column at Duma Point shown in Figure 10 is 7.6 m wide and 6.1 m tall. The hematite is distributed heterogeneously in the rock, which contains a maximum of 30% hematite (Table 4) . Assuming a conservative 3% hematite, the column contains as much as 2 × 10 7 grams of hematite in a rock volume of 278 m 3 . If the water transporting the iron contains 5 parts per million iron (Table 6) , then 2.8 × 10 9 kg of water are required for formation of a single tower. This approximates the amount of water discharged in 1.6 hr by the Colorado River at Phantom Ranch during 1921-1962 before construction of Glen Canyon Dam (Kieffer, 1990) .
The volume of salt water produced from dissolution of a salt-cored anticline is also estimated. The Moab anticline is 28.8 km long, and Moab Valley formed by anticline collapse is 4.8 km wide. Assuming 1 km of salt is removed and the salt water is 75% of saturation with halite, then 1.5 × 10 15 kg of salt water resulted from solution of the salt core of the Moab Valley diapiric anticline. Microbial activity in the porous sandstones that has not yet been fully evaluated could have enhanced iron and manganese solution and precipitation kinetics and influenced the geometry of the iron oxide accumulations. The volumes of water required by the geochemical simulations could be reduced if, as suggested by Hansley (1995) , organic acids acted as bleaching agents or other complexing ligands were present that would permit higher aqueous iron concentrations.
The geochemical model proposed involves dissolving Fe and Mn from red beds in a reducing, saline solution; moving the Fe-and Mn-charged f luid into the Navajo, Entrada, and associated aquifers in a dynamic flow system; and precipitation of hematite and Mn oxides upon encountering an oxidizing water. A source of the salt is the Pennsylvanian Paradox Formation separated from the aquifers by confining Triassic Chinle and Moenkopi formations. Communication of solutions from the aquifers through the confining layers is provided by the Moab fault and smaller faults and joints related to salt intrusion and collapse of the salt anticlines.
The large range of δ 18 O and δ 13 C values of calcites and of δ 18 O and δ 87 Sr values of hematites suggests that the deposition of these minerals was produced by mixing of evolved reduced waters that ascended the Moab fault with shallow (unevolved), oxidized meteoric waters. The data, however, also indicate that there were at least two distinct evolved f luids ascending the Moab fault. The evolved fluid end member responsible for calcite deposition was 18 O-and 13 C-depleted and mixed with relatively 18 O-and 13 C-enriched shallow meteoric water. In contrast, the evolved fluid end member responsible for hematite deposition was 18 Oenriched (and 87 Sr-enriched) and appears to have mixed with a relatively 18 O-and 87 Sr-depleted shallow meteoric water. Because both of these evolved fluid end members are reduced, the precipitation of hematite concretions cannot be induced by mixing these two evolved fluids; and by extension, precipitation of the vein calcite and hematite concretions is not contemporaneous. The isotope data suggest the existence of two distinct hydrologic regimes, operating at different times, in which chemically evolved and reduced f luids derived from depths corresponding to the Paradox Formation have ascended the Moab fault and subsequently mixed with a variety of shallow, unevolved meteoric waters.
The hydraulic heads that could drive fluid flow are produced by topography from (1) topographically high crests of salt anticlines, (2) the intrusive La Sal Mountains, or (3) topography produced by uplift of the Colorado Plateau and incision of the Colorado River system. The timing of these three events is shown in Table 2 . The Moab fault has a long history of movement, but the bleaching is spatially associated with later Tertiary fault displacement. A measured age on one manganese deposit on a southern extension of the Moab fault (locality FIM, Figure 1 ) is 21-26 Ma (Chan et al., 1999 ). Topography that was present then to drive groundwater f low was the La Sal Mountains (25-28 Ma, Table 2 ) and the crests of the salt anticlines. Colorado Plateau uplift and incision of the Colorado River are too young (5.5 Ma, Table 2 ); however, because the La Sal Mountains lie to far southeast of the study area, that topography might explain northerly groundwater flow, but not the southerly directions observed (Figures 8, 9 ). It is more likely that salt tectonism and faulting produced topographically driven flow, where meteoric water reached the salt beds and dissolved salt. The water was reduced by reaction with hydrocarbon, methane, organic acids, or hydrogen sulfide. Reduced water flowed into red, hematite-stained sandstone aquifers and dissolved and transported Fe and Mn to sites where interaction with oxygenated water to locally precipitated hematite and manganese oxides.
Migration of saline fluids upward along fault zones has been shown to be responsible for deposition of calcite, copper, and other minerals related to the Lisbon Valley anticline and fault by Morrison and Parry (1986) and related to the Moab fault by Garden et al. (1997 Garden et al. ( , 1998 . Mixing of two solutions caused precipitation of the minerals as a result of changes in oxidation state and dilution of the saline solutions.
Stratigraphic, structural, and geochemical relationships of fluid sources and mass transfer of iron and manganese have important applications. First, the presence of iron oxide cement can be used to evaluate past groundwater oxidation states and salinities for f luids that migrated through and cemented the sandstone. Numerous studies of groundwater resources in the Jurassic sandstones of southeastern Utah have demonstrated that some groundwater is usable and some is too salty. The source of the salty water is probably the underlying fluid reservoirs, including the Paradox Formation. Thus, the presence of the iron oxides can be an indicator for movement of past reduced, saline fluids, and can help predict regions of salt water and fresh water in groundwater planning; furthermore, field and chemical studies of fluid flow and compositions in the Moab fault zone can serve as a valuable index to tracing the pathways of hydrocarbons and can explain the presence of economic iron and manganese deposits.
SUMMARY
In the vicinity of the Moab fault, hematite concretions, pipes, and strata-bound layers occur in Jurassic Navajo Sandstone and adjacent strata of the Colorado Plateau that overlie the Paradox basin salt deposits. Manganese oxide deposits without significant iron occur in the overlying rocks covering the Summerville-Tidwell interval. Saline brines containing significant iron and manganese in solution are known to be present in the Navajo aquifer. We propose that mixing of these saline brines with shallow, oxygenated groundwater accounts for the precipitation of iron and manganese in the porous and permeable sandstones. The δ 18 O and δ 13 C values of calcites and δ 18 O and δ 87 Sr values of hematites are consistent with products formed from mixing of isotopically evolved, reduced waters with shallow, oxidized meteoric groundwaters. The isotope data also indicate that there were at least two distinct fluids ascending the Moab fault and at least two distinct shallow groundwaters with which they mixed: (1) an 18 O-and 13 C-depleted deep water that mixed with a relatively 18 O-and 13 C-enriched shallow meteoric water to deposit calcite and (2) an 18 O-and 87 Sr-enriched deep water that mixed with an 18 O-and 87 Sr-depleted shallow meteoric water to deposit hematite.
Numerical simulation of mixing together with representations of mineral stabilities on an Eh-pH diagram (Figure 18) show that iron can be quantitatively precipitated as hematite and that iron and manganese can be effectively separated due to the differences in solubility as a function of oxidation potential.
Calculations of the quantity of water required for dissolution of Paradox basin salt in the core of the Moab Valley anticline indicate that those water volumes were sufficient for both the transport and precipitation of hematite concretions. The saline brine with hydrocarbons, methane, organic acids, or hydrogen sulfide moved up through the permeability created by the Moab fault and laterally into porous and permeable sandstones. Iron was dissolved and the sandstones were bleached. Iron was precipitated when shallow, oxygenated water was encountered. Multiple episodes of hematite mineralization and geometries are evident, showing that the saline brine probably moves episodically. Southerly groundwater flow directions and the estimated timing of mineralization (middle Tertiary) suggest a topographically driven hydraulic head from salt tectonic features such as the Moab Valley anticline.
The data presented here explain the geometries of hematite concretions. The study of the mobility of iron is strongly related to the presence of hydrocarbon resources and the movement of saline fluids. The deposition of iron is strongly related to the mixing of reduced fluids with shallow, oxidized meteoric waters. The understanding of iron mobility has significant applications to tracing hydrocarbon pathways and evaluating natural resources and contamination transport. This study offers new insight into understanding the importance of fluid compositions, mixing, and solute transport along a major fault system.
